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ABSTRACT 
Diesel particulate filters (DPF) have seen widespread growth as an effective means for meeting 
increasingly rigorous particle emissions regulations. There is growing interest to exploit passive 
regeneration of DPFs to reduce fuel consumption accompanying traditional active regeneration. 
Incombustible material or ash, mainly derived from metallic additives in the engine lubricant, 
accumulates in the DPF over time. This ash accumulation increases flow restriction and rise in 
pressure drop across the DPF. The growth of pressure drop adversely impacts engine 
performance and fuel economy. 
This study built upon previous research to evaluate the different effects of regeneration strategy 
on ash packing and distribution within DPFs. Since passive regeneration relies on a catalyzed 
reaction, the interactions of ash with the catalyst will play an important role. Passive 
regeneration is specifically dependent on exhaust feed gas composition, exhaust conditions 
including temperature and flow rate, catalyst type and configuration, and the state of DPF 
loading during prior to passive regeneration. The goal of the study is to address the long-term 
effects of regeneration parameters on ash accumulations and the resulting impact of ash on the 
DPF catalyst performance. Experiments were conducted that focused on pressure drop 
measurements over the lifetime of diesel particulate filters with different regeneration methods 
coupled with post mortem ash characterization. These experiments provide insight to how these 
regeneration methods impact the DPF performance. 
These results, among few fundamental data of this kind, correlate changes in diesel particulate 
filter performance with exhaust conditions, regeneration strategy, and ash morphological 
characteristics. Outcomes are useful in optimizing the design of the combined engine-
aftertreatment-lubricant system for future diesel engines, balancing the necessities of additives 
for adequate engine protection with the requirements for robust aftertreatment systems. 
Supervisor: Victor W. Wong 





































































































































































































































































































































































































































































































































































Eq''1' !" + !12!! !→ !!"!!
Eq''2' !" + !!! !→ !!"! + !!!!!






Eq''4' !" + !12!! !→ !!"!!
The!NO2!reacts!then!with!the!solid!carbon!of!the!soot!to!form!CO/CO2!and!recreates!the!NO!molecule!as!
seen!in!Eq!!5.!NO!gets!recycled!with!the!catalyst.!






































































































































































































































Diameter! Filter!Geometry! <2,100! ~!5%!
Available!Channel!Length! Filter!Geometry!














































∆!!"/!"# = !!"/!"#× !!!2 !
Where!!!is!the!exhaust!gas!density,!!!!is!the!exhaust!gas!velocity!and! !"/!"#!explains!the!frictional!
coefficients!for!inlet!contraction!and!outlet!expansion!as:!
Eq''8' !!" = −0.415×!!! + 1.08 !
Eq''9'



















































































































2000`01`1016! ```! 0.4!`!1.0! ```! 2.8!`!7.4!x!10`14! Lab!
2001`01`0190! 3.13! 0.54! 83! ```! Field!
2004`01`0948! 2.5! 0.4! 85! ~!5!x!10`12! Field!
2005`01`3716! 2.85! ```! ```! ```! Field!
2006`01`3257! ```! 0.31!`!0.52! ```! ```! Field!
2008`01`0331! ```! 0.45! ```! ```! Field!
2009`01`1086! ```! 0.17!`!0.34! 90!`95! ```! !!
Field!Test!`A! ```! 0.34! !! ```! Field!
Field!Test!`B! ```! 0.17! !! ```! Field!
Field!Test!`C! ```! 0.18! !! ```! Field!
Lab!Test!`A! ```! 0.26! !! ```! Lab!


































































































































































































































































































































































































































































Element! Ca! Mg! P! Na! K! Zn!




































































































1! 60!minutes!!!(60!total)! 90%! 1!g/L! 1.0!g/L!per!hr!
2! 60!minutes!(120!total)! 90%! 2!g/L! 1.0!g/L!per!hr!
3! 60!minutes!(180!total)! 90%! 3!g/L! 1.0!g/L!per!hr!






























Case' Lubricant' Filter'Type' Ash'Load' Regeneration'Type' Regeneration'Method'
A! CJ`4! DOC!&!C`DPF!!(Pt)! 25.2!g/L! Continuous! Passive!
B! CJ`4! DOC!&!C`DPF!!(Pt)! 25.0!g/L! Periodic! Passive!











































Cumulative Ash Load [g/L] 
CASE A: CONTINUOUS PASSIVE REGEN w/ DOC 
CASE B: PERIODIC PASSIVE REGEN w/ DOC 























Cumulative Ash Load [g/L] 
CASE A: CONTINUOUS PASSIVE REGEN w/ DOC 









































Cumulative Ash Load [g/L] 
CASE B: PERIODIC PASSIVE REGEN w/ DOC 










































Cumulative Ash Load [g/L] 
Periodic Active CJ-4 
Periodic Active CJ-4 
Periodic Active Ca 
Periodic Active Zn 
CASE B: PERIODIC PASSIVE REGEN w/ DOC 

































































0 g/L Ash 
5.2 g/L Ash 
10.8 g/L Ash 
16.6 g/L Ash 
20.0 g/L Ash 























0 g/L Ash 
6.9 g/L Ash 
10.4 g/L Ash 
16.1 g/L Ash 
20.5 g/L Ash 
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7.0!!!CONCLUSIONS!
Results!of!this!work!concerning!how!the!ash!derived!from!differing!regeneration!methods!adversely!
affect!diesel!particulate!filters!are!important!to!understand!how!ash!negatively!affects!diesel!
aftertreatment!performance!over!a!minimum!DPF!service!life!of!150,000!miles.!Exhaust!conditions!play!
an!important!function!in!the!creation!of!ash!and!how!ash!affects!the!pressure!drop!across!a!DPF.!By!
conducting!experiments!with!varying!regeneration!methods!the!individual!and!synergistic!effects!of!the!
passive!regeneration!can!be!studied!and!analyzed.!The!results!of!this!study!provide!practical!information!
to!engine!manufactures!and!aftertreatment!designers!to!diminish!the!unfavorable!effects!of!ash!
accumulation!within!a!DPF.!
7.1!!!Passive!Regeneration!Method!Effects!on!Pressure!Drop!
Continuous!active!regeneration!is!not!practical!or!beneficial!but!has!been!included!in!this!study!for!
comparison.!Continuous!passive!regeneration,!seen!in!Case!A,!has!beneficial!pressure!effects!early!in!
DPF!lifetime.!Past!midlife!continuous!passive!regeneration!becomes!detrimental.!Flow!restriction!
become!much!greater!than!previous!studied!DPF!samples.!
Case!B!and!C!also!have!early!lifecycle!benefits.!The!pressure!drop!curves!show!very!little!depth!filtration!
effects!compared!to!previous!periodic!active!regeneration!methods.!Given!that!the!fidelity!of!pressure!
drop!points!are!not!numerous!enough!to!judge!the!scale!of!depth!filtration.!It!can!neither!be!stated!that!
depth!filtration!is!short!in!duration!or!that!it!is!longer!in!duration!but!has!less!effect!on!flow!restriction.!
During!the!cake!filtration!stage!of!Case!B!and!C!the!pressure!increase!is!again!very!advantages!compared!
to!active!studies!until!the!midlife!stage.!The!cake!filtration!slopes!then!increase!past!previous!active!
regeneration!studies.!
The!conclusions!drawn!from!this!study!are!listed!below:!
1. Continuous!regeneration!did!not!show!pressure!drop!advantage!over!passive!regenerations!in!
the!cases!studied.!It!also!showed!a!pressure!drop!trend!(abrupt!up`shift),!which!was!not!
explainable!by!DPF!performance!fundamentals.!
2. The!effect!on!DPFs!of!DOC!operation!during!passive!regeneration!did!not!display!significant!
effects.!This!requires!further!analysis!of!the!ash!formation!and!distribution!to!examine!
differences.!
3. Depth!filtration!during!passive!regeneration!proves!to!be!less!significant!than!that!of!active!
regeneration.!
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It!is!possible!that!passive!regeneration!early!in!operation!of!a!diesel!engine!could!offer!the!lowest!flow!
restriction,!therefore!the!lowest!backpressure!and!lowest!efficiency!loss!due!to!the!ATS.!Then!it!could!be!
possible!to!switch!to!active!regeneration!for!the!remaining!life!of!the!DPF.!This!could!take!advantage!of!
passive!regeneration’s!early!benefits!with!the!lower!pressure!drops!late!in!life!to!keep!the!pressure!drop!
increases!to!a!minimum.!Ideally!this!would!be!to!minimize!depth!filtration!and!build!a!small!evenly!
distributed!ash!layer,!and!then!prior!to!the!layer!becoming!too!restrictive!switch!to!loading!ash!to!the!
end!plug.!This!would!take!the!advantages!of!both!passive!and!active!regeneration!into!one!hybrid!
system.!
7.2!!!Future!Work!Considerations!
The!depth!filtration!of!passive!regeneration!deserves!further!investigation.!A!study!focused!on!loading!a!
filter!passively!to!around!5!g/L!at!small!weight!increments!would!show!increased!fidelity!of!the!early!
stages!of!passive!regeneration!and!how!that!affects!the!filter!later!in!life.!This!coupled!with!ash!analysis!
could!be!beneficial!to!understanding!early!ash!formation!undergoing!passive!regeneration.!
A!hybrid!regeneration!test!plan!could!investigate!the!opportunity!to!utilize!passive!regeneration!early!in!
the!DPF!lifecycle!and!then!switch!to!active!regeneration!before!the!adverse!effects!of!late!lifecycle!
passive!regeneration.!This!would!verify!that!switching!to!active!regeneration!adds!benefit!to!a!previously!
passive!loaded!system.!On!the!other!hand!this!system!might!be!infeasible!if!the!early!ash!development!
under!passive!regeneration!leads!the!filter!down!an!irreversible!path!to!higher`pressure!losses.!If!this!is!
the!case!than!switching!to!active!regeneration!would!be!wasteful!and!useless.!
This!study!into!the!long`term!aging!effects!of!passive!regeneration!has!broadened!the!view!of!passive!
regeneration!methods!and!offers!many!further!studies!for!the!future.!The!diesel!particulate!filters!
loaded!during!this!study!will!be!used!further!as!core!samples!on!flow!and!catalyst!bench!studies!to!
pinpoint!the!ash!effects!on!regeneration!with!optical!studies!and!effects!on!the!catalyst!with!soot!
oxidation!measurements.!
Now!that!the!pressure!drop!curves!have!been!established!and!the!DPFs!have!been!loaded!to!25!g/L!
investigation!into!the!ash!formation!and!deposition!will!provide!greater!insight!to!the!mechanism!of!ash!
transport!and!affect!on!pressure!drop.!These!characteristics!of!ash!composition!and!morphology!will!be!
found!by!traditional!post`mortem!analysis!previously!conducted!at!MIT.!This!method!includes!coring!the!
DPF!and!destructively!splitting!these!sections!into!smaller!pieces!to!measure!the!ash!layer!thickness!and!
location!of!the!start!of!the!ash!end!plug.!Before!this!destructive!test!the!filters!will!be!sent!to!Advantest!
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America!to!be!scanned!with!the!TAS7000.!This!system!utilizes!Terahertz!wave!to!conduct!three!
dimensional!image!analyses.!Early!work!with!this!system!can!be!seen!following!in!Figure!52!and!Figure!
53.!This!early!work!was!done!with!a!filter!loaded!to!two!different!soot!levels!and!it!shows!great!promise!
at!a!nondestructive!view!of!the!ash!distribution.!It!could!provide!faster!method!of!comparing!different!
ash!distributions!between!filters!and!especially!between!different!regeneration!methods.!
! !
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Figure'52:'Advantest'image'of'0.5'g/L'sample'(scale'0K8'g/L'concentration)'[63]'
!
Figure'53:'Advantest'image'2.5'g/L'sample'(scale'0K8'g/L'concentration)'[63]'
! !
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10!!!APPENDIX!
 
Model! L100V!
Engine!Type! Air!Cooled,!4!cycle,!Vertical!Cylinder!
Fuel! Diesel!
Number!of!Cylinders! 1!
Bore!x!Stroke! 86mm!x!75!mm!
Combustion!Type! Direct!Injection!
Total!Displacement! 435!cc!
Aspiration! Natural!Aspiration!
Valves!per!Cylinder! 2!
Rated!Speed! 3600!rpm!
Net!Intermittent! 9.1!Hp[6.8kW]/3600rpm!
Net!Continuous!HP! 8.3hp![6.2kW]/3600rpm!
Direction!of!Rotation! Counter!Clockwise,!Viewed!from!PTO!Side!
Crankshaft!Type! Straight!Keyed,!Tapered!or!Threaded!
Starting!System! Recoil!or!Recoil/12!V!Electric!
Decompression!System! Manual!Type!with!Auto`return!Lever!
Charging!System! 12!Volt,!15!Amps!(for!Electric!Start!Models)!
Electric!Stop!Device! Optional,!Fuel!Stop!Solenoid!(for!Electric!Start!Models)!
Cold!Start!Aid! Optional,!Intake!Air!Heater!(for!Electric!Start!Models)!
Fuel!Tank!Capacity! 4.7!liters!
Brake!Specific!Fuel!Consumption!at!Rated!Output! 279!g/kW`hr!
Lubrication!System! Pressure!Lubrication!with!Trochoid!Pump!
Oil!Capacity! 1.60!Liters![0.60!Effective]!
Exhaust!System! Expansion!Silencer!with!Cover!
Air!Cleaner! Dry`Type!with!Paper!Element!
Balancing!System! Single,!Counter`Rotating!Balance!Shaft!
Length! 16.2!in!(412mm)!
Width! 18.6!in!(472mm)!
Height! 19.4in!(493mm)!
Dry!Weight!(Recoil!Start)! 106.9!Lbs!(48.5!kg)!
Dry!Weight!(Electric!Start)! 117.9!Lbs!(53.5!kg)!
Noise!Output!@!Continuous!Rating,!
Mean!of!Four!Directions!at!1!Meter! 97!dB(A)!
Table'14:'Yanmar'L100V'specifications'[62]'
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!
Figure'54:'Test'facility'front'[61]'
!
Figure'55:'Test'facility'back'[61]'
